ABSTRACT
INTRODUCTION
Most eukaryotic cellular and viral mRNAs contain at the 5'-end an unusual nucleotide sequence, "cap", of the general structure m7G(5')ppp(5')XmpYp, where m7G represents a 7-methylguanosine residue linked by a 5',5'-triphosphate linkage to a nucleoside (X), which is most often 2'-0-methylated; in many mRNAs the third residue from the 5'-end (Y) is also 2'-0-methylated (see review by Shatkin1). The cap protects the mRNA at its 5'-terminus against attack by phosphatases and nucleases, and appears to promote mRNA function at the level of initiation of translation"2.
No information is available as yet concerning the presence or absence of "cap" structures in mitochondrial mRN.As. These mRNAs represent a special class in the eukaryotic cell. The different environment in which they are utilized, and the prokaryotic characteristics of the mitochondria-specific translation apparatus, such as sensitivity to antibiotics, mechanism of initiation and nature of the initiation factors, suggest that the mitochondria-specific mRNAs may be subject to different regulation and may have different structural features from the remainder of cellular mRNA. Therefore, structural analysis of the 5'-terminal sequences of these RNAs is expected to provide valuable information as concerns both evolution Previous work has demonstrated the occurrence in HeLa cell mitochondria of RNA species transcribed from mitochondrial DNA, which contain poly(A) stretches of about 55 nucleotides at their 3'-end . Recently, this RNA has been resolved into a large number of discrete components by electrophoresis through agarose slab gels in the presence of the strong denaturing agent methylmercuric hydroxide7 '8. It is likely, on the basis of circumstantial evidence, that these poly(A)-containing RNAs represent mitochondria-specific mRNAs or their precursors; however, direct proof for this is not yet available.
In the present work, the nature of the 5'-terminal structures in mitochondrial DNA-coded poly(A)-containing RNA from HeLa cells has been investigated. No evidence for "cap" structures has been found.
MATERIALS AND METHODS
(a) Cell Growth and Labeling Conditions: The method of growth of HeLa 9 cells in suspension has been previously described.
For approximately 10 cm from the origin. The portion of the paper from 2.5 cm below to 33 cm above the origin (in the direction of migration) was used for transfer to the second dimension. The paper strip was trimmed to a 2 cm width, a second batch of dye marker mixture was applied to the center of each separated dye marker spot, and the strip was clamped onto a DEAE paper (Whatman DE 81) sheet using two Plexiglass (DuPont) strips. The DEAE paper sheet was wetted with water on both sides of the strip and left undisturbed for 30 minutes; during this time, the diffusing water transferred the nucleotides quantitatively from the paper strip onto the DEAE paper. The DEAE paper sheet was dried, and then subjected to electrophoresis at 1 kV in the same pH 3.5 buffer until the xylene cyanol FF marker migrated to about 10 cm from the origin. 32P]-labeled nucleotides were then located by autoradiography (about 1 week) using Kodak RP/R (14 x 17 inches) X-ray filmn. The "cap" dinucleotide markers were identified by their blue fluorescence under short-wave UV and their positions marked.
The DEAE paper areas containing radioactive spots were cut out and counted in a Toluene-Liquifluor mixture (New England Nuclear) using a Beckman LS 233 scintillation counter. The DEAE paper sections containing the spots to be eluted were then washed with toluene (2x), ether (2x) and dried. Elution was carried out in siliconized Pasteur pipettes plugged with a small piece of cotton to trap paper lint. One to 2 ml of 1 M l triethylammonium bicarbonate was let to drain through each spot into a 15 ml centrifuge tube. Recovery of the counts was about 70%. The eluted nucleotides were dried under vacuum, redissolved in 20 pl of deionized water and subjected to further enzymatic treatment. For this purpose, the Snake venom exonuclease (Worthington), 12 pg, and nucleotide pyrophosphatase (from Crotalus adamanteus venom, Sigma), 0.1 unit, in 50 mM TrisHCl, 10 mM MgCl2, pH 7.5, final volume 33 1l; 2 hour incubation at 37°C.
The individual enzyme digests were examined for their product composition by applying one-half on Whatman No. 1 paper and one-half on Whatman DE 81 DEAE paper. The one-dimensional electrophoresis was performed in the same manner (pH 3.5 buffer) as described above for the two-dimensional separation.
P32iPmononucleotides and dye markers were run in parallel to aid identification.
RESULTS
In previous work, the mitochondrial poly(A)-containing RNA from HeLa cells has been characterized in the size of the poly(A) stretches3 '5,6, and Also the distribution of methylated nucleotides at the 5'-terminus which has been observed here is very close to that previously reported 2425. The analysis of the distribution of radioactivity among the four 5'-mononucleotides reveals a base composition very similar to that reported for HeLa cell poly(A)-containing mRNA26o (Table I) . A total of about 135,000 cpm was counted in the identified spots.
For the analysis of mitochondrial poly(A)-containing RNA three to four times as much radioactivity was used as in the case of cytoplasmic RNA in order to have comparable amounts of radioactivity associated with the discrete species in the two preparations. A typical fingerprint of the nuclease P1 digest of mitochondrial poly(A)-containing RNA is shown in Fig. 3 . This fingerprint is strikingly different from that of cytoplasmic polysomal poly(A)-containing RNA. In addition to 5'-mononucleotides, there are five main spots present (marked 1 to 4, and "a"), none of which is in the position of "cap" dinucleotides. In order to improve the sensitivity of detection, we performed a double digestion of mitochondrial RNA first with nuclease P1, and then, after adjustment of pH and ion concentration, with alkaline phosphatase: all radioactivity was converted to inorganic monophosphate. Since we had applied about 106 cpm of the mitochondrial RNA digest, and exposure of the autoradiograph was long enough to allow detection of 100 cpm in a single spot, we can conclude that typical "cap" dinucleotides are not present in mitochondrial RNA at this level of detection.
Next we turned to the identification of spots 1 to 4 in the fingerprint. In the experiment described above, all spots had been completely digested by alkaline phosphatase with release of inorganic phosphate; therefore, they had to be phosphorylated mononucleosides. Sensitivity to alkaline phosphatase was confirmed by eluting each spot and redigesting it separately. Further evidence as to the identity of each spot came from the following results. Spot 2, which was present in variable amount in different samples (Table I) relationship. We suspect that spot "a" corresponds to poly(ADP-ribose) and spot 3 is phosphoribosyl-AMP; however, we do not have evidence for this at the present time. Poly(ADP-ribose) is known to occur in the nucleus27 and, probably, in mitochondria28 of eukaryotic cells. The analysis of the distribution of radioactivity among the four 5'-mononucleotides shows a predominance of the label in pU and pA, with little radioactivity in pG (Table II) . This distribution undoubtedly reflects the incomplete equilibration of the four nucleoside triphosphate pools within the organelles with the exogenous [32P]orthophosphate after 3 hour labeling; it should be recalled that the specific activities of the 5'-mononucleotides produced by P1 digestion reflect directly those of the corresponding precursor pools. Fig. 4 . The most interesting feature is a field of 9 spots, shown as black areas in Fig. 4b , which represent tri-and tetranucleotide "caps," as recognized from their migration when compared with that 18 reported for known "cap" structures In comparison, the mixed RNase digest of mitochondrial poly(A)-containing RNA (Fig. 5) gave a simpler fingerprint. Here, there is no evidence of spots in the area where the "cap" structures are expected to migrate. The fingerprint shows one main spot, #1. This spot was completely digested by alkaline phosphatase, with release of Pi; it was resistant to spleen exonuclease, and it was converted to AMP and Pi by the nuclease P1: we therefore conclude that it is adenosine-3',5'-diphosphate. The amount of radioactivity associated with this spot was enough to account for one pAp per molecule of average size of about 1400 nucleotides (Table  II) . Very little radioactivity was recovered from spots 2 and 3 ( Table II ), so that they could not be analyzed in detail. Preliminary evidence suggests that spot 2 is pGp and spot 3 pUp. Spot "a" (which is also present in the RNase digest of cytoplasmic polysomal poly(A)-containing RNA (Fig. 4) ) is presumably represented by the same material as spot "a" in the nuclease P1 digest, since it is eonverted by digestion with P1 to a spot corresponding in position to spot 3 of the Pl digest ( Fig.   29 3). Poly(ADP-ribose) is known to be resistant to RNase digestion . The distribution of radioactivity among the four 2',3'-mononucleotides produced by
RNase digestion of mitochondrial poly(A)-containing RNA (Table II) The present work has also provided some information concerning the nature of the main 5'-terminal groups in the mi4tochondrial poly(A)-containing RNA studied here. After P1 nuclease digestion, among the products different from 5'-mononucleotides, apart from pUp and pCp, which were present in variable amounts and were presumably due to contaminating pancreatic RNase-type activity, and from presumptive phosphoribosyl-AMP, a cleavage product of poly(ADP-ribose), only ppA was detected, although in variable amount. After mixed RNase digestion, the main product different from 2',3'-mononucleotides was pAp. There is an apparent discrepancy between the results obtained by P1 and by RNase digestion of the mitochondrial poly(A)-containing RNA. In fact, if the ppA observed after P1 digestion derived from the 5'-end of the molecule, one would have expected to find, after mixed RNase action, an equivalent amount of ppAp: this was not found. Any pAp produced by mixed RNase digestion from the 5'-ends would have not, by contrast, been recognized after P1 treatment, since it would have given rise to pA, thus becoming confused with the main products of the enzyme. It seems possible that both ppAp and pAp are 5'-terrminal groups of the RNA investigated here, and that the ppAp became converted to pAp during RNase digestion due to some pyrophosphatase contamination of the enzyme, or that in this particular experiment the concentration of 5'-terminal ppA in the isolated RNA was low. Alternatively, one cannot exclude that ppA derives from poly(ADP-ribose) as a result of P1 digestion. The effect of P1 on poly(ADP-ribose) is not known. In any case, it seem reasonable to conclude that pA is the main 51-end of the mitochondrial poly(A)-containing RNA. Its amount is compatible with its being present at the 5'-end of the majority of the molecules of this RNA class. To what extent it represents a residue of the nucleoside triphosphate at the 5'-end of the primary transcription products, or, on the contrary, it results from physiological or artifactual cleavage of the primary transcripts cannot be said.
